1. The concentrations of the oxidized and reduced substrates of the lactate-, ,B-hydroxybutyrate-and glutamate-dehydrogenase systems were measured in rat livers freeze-clamped as soon as possible after death. The substrates of these dehydrogenases are likely to be in equilibrium with free NAD+ and NADH, and the ratio of the free dinucleotides can be calculated from the measured concentrations of the substrates and the equilibrium constants (Holzer, Schultz & Lynen, 1956; Biucher & Klingenberg, 1958 of the liver changes. 7. The ratios found for the free dinucleotides differ greatly from those recorded for the total dinucleotides because much more NADH than NAD+ is protein-bound. 8. The bearing of these findings on various problems, including the following, is discussed: the number of NAD+-NADH pools in liver cells; the applicability of the method to tissues other than liver; the transhydrogenase activity of glutamate dehydrogenase; the physiological significance of the difference of the redox states of mitochondria and cytoplasm; aspects of the regulation of the redox state of cell compartments; the steady-state concentration of mitochondrial oxaloacetate; the relations between the redox state of cell compartments and ketosis.
1. The concentrations of the oxidized and reduced substrates of the lactate-, ,B-hydroxybutyrate-and glutamate-dehydrogenase systems were measured in rat livers freeze-clamped as soon as possible after death. The substrates of these dehydrogenases are likely to be in equilibrium with free NAD+ and NADH, and the ratio of the free dinucleotides can be calculated from the measured concentrations of the substrates and the equilibrium constants (Holzer, Schultz & Lynen, 1956; Biucher & Klingenberg, 1958) . The lactate-dehydrogenase system reflects the [NAD+]/[NADH] ratio in the cytoplasm, the ,-hydroxybutyrate dehydrogenase that in the mitochondrial cristae and the glutamate dehydrogenase that in the mitochondrial matrix. 2. The equilibrium constants of lactate dehydrogenase (EC 1.1.1.27), ,B-hydroxybutyrate dehydrogenase (EC 1.1.1.30) and malate dehydrogenase (EC 1.1.1.37) were redetermined for near-physiological conditions (380; 10.25 of the liver changes. 7. The ratios found for the free dinucleotides differ greatly from those recorded for the total dinucleotides because much more NADH than NAD+ is protein-bound. 8. The bearing of these findings on various problems, including the following, is discussed: the number of NAD+-NADH pools in liver cells; the applicability of the method to tissues other than liver; the transhydrogenase activity of glutamate dehydrogenase; the physiological significance of the difference of the redox states of mitochondria and cytoplasm; aspects of the regulation of the redox state of cell compartments; the steady-state concentration of mitochondrial oxaloacetate; the relations between the redox state of cell compartments and ketosis.
The ratio of the concentrations of free NAD+ and NADH (referred to below as the [NAD+] / [NADH] ratio) at the site of oxidoreductions is of importance because it bears on the metabolic behaviour of oxidizable and reducible substrates. Direct measurements of the tissue content of NAD+ and NADH do not supply the required information: they fail to differentiate between the free and bound nucleotides and they give no information on the distribution of the nucleotides between the various cell compartments, which is known to be uneven (Borst, 1963) . The latter difficulty cannot be dealt with by the usual methods of tissue fractionation because the redox state of the nucleotides is liable to undergo rapid changes during the process of fractionation. Both difficulties may be overcome (Holzer, Schultz & Lynen, 1956; Bucher & Klingenberg, 1958) Hohorst, Kreutz & Bucher (1959) showed that there are three NAD-linked dehydrogenases (lactate dehydrogenase, a-glycerophosphate dehydrogenase and malate dehydrogenase) that, under certain conditions, give the same value for the [NAD+]/
[NADH] ratio. This is convincing evidence that all three dehydrogenases do in fact establish equilibria between their substrates and the free nucleotides in the cell compartment where the dehydrogenases are located, i.e. the cytoplasm. This conclusion is further borne out by the fact that the same [lactate]/ [pyruvate] ratios are found in fluids that readily exchange solutes with the cytoplasm, such as the blood (Huckabee, 1958) and the perfusion medium used in experiments on isolated rat liver (Schimassek, 1963) . Bucher & Riissmann (1963) Klingenberg & Hafen (1963) and by Borst (1963) . The system is readily reversible and in rat liver its activity is high enough to maintain equilibrium. The dehydrogenase is insoluble and located in the mitochondrial cristae (Lehninger, Sudduth & Wise, 1960 (Delbriick, Schimassek, Bartsch & Bucher, 1959) and its activity is high. The equilibrium, however, has the disadvantage of being dependent on the concentration of NH4+; hence three reactants must be determined. In spite of this disadvantage, glutamate dehydrogenase appeared to be the best system of the mitochondrial matrix for the present work.
On the basis of these considerations the concentrations of the substrates of the lactate-, ,B-hydroxybutyrate-and glutamate-dehydrogenase systems were measured in the livers of rats as quickly as possible after death. The livers were deep-cooled within seconds with aluminium blocks by the method of Wollenberger, Ristau & Schoffa (1960) and the data obtained therefore reflect conditions in vivo. Although the analyses were carried out on the whole tissue, they may be taken to indicate the redox state of the NAD couple at the site of three enzymes, i.e. the cytoplasm, a locus in the mitochondrial cristae and the mitochondrial matrix respectively. This assumption is justified if the distribution of the metabolites within the cell is even. There is no evidence indicating that this is not the case for the substrates of lactate dehydrogenase and ,-hydroxybutyrate dehydrogenase, but it is uncertain whether the components ofthe glutamatedehydrogenase system are evenly distributed between mitochondria and the rest of the tissue. The attempts to measure the redox state of cell compartments sprang from the concept Loffler, Matschinsky & Wieland, 1965) Hohorst, Kreutz, Reim & Hubener (1961) and by . However, the interpretation of the findings is not clear-cut. Unless the redox states of the various compartments move in parallel (which is not necessarily the case) the data allow no conclusions on the redox state of a particular compartment.
MATERIALS AND METHODS
Rat&. Male rats of the Wistar strain weighing 120-160g. were used. Alloxan-diabetes was induced by the intravenous injection of recrystallized alloxan monohydrate (70mg./kg.) in 0-3ml. of0-9% NaCl under ether anaesthesia. The alloxan-treated animals had free access to food and water. They were killed 48hr. after injection and at this time the concentration of blood glucose was in excess of 30mM and that of blood ketone bodies (acetoacetate plus hydroxybutyrate) was 8-20mM.
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Colnbrook, Bucks. ,3-Hydroxybutyrate dehydrogenase was prepared by the method of and purified further on DEAE-Sephadex. It had a specific activity of 7 units/mg. and contained about 1% of malate dehydrogenase (relative to the ,B-hydroxybutyratedehydrogenase activity), but no detectable lactate dehydrogenase. Lactate dehydrogenase and glutamate dehydrogenase were obtained from Boehringer Corporation, London.
Blood. Blood samples were obtained from the tail vein by the method described by Williamson & Wilson (1965) .
Treatment of liver. The rats were killed by dislocation of the neck. The liver was rapidly removed and pressed between metal clamps previously cooled in liquid N2 (Wollenberger et al. 1960) . The average time between dislocation of the neck and deep-freezing the tissue was lOsec. The frozen liver was pulverized in a mortar to a fine powder, with frequent additions of liquid N2. The powder was transferred to a weighed plastic centrifuge tube containing 2ml. of frozen 30% (w/v) HC104. After a rapid reweighing, the tissue (1-2g.) was mixed with the HC104, care being taken that no thawing occurred. Ice-cold distilled water (5ml.) was added and the mixture immediately homogenized in the centrifuge tube with a glass pestle, driven by a low-speed motor. This was continued for about 2min. until thawing was complete. Protein was removed by centrifugation in the cold at 30000g for 10min. The supernatant fluid was adjusted to pH5-6 with 20% (w/v) KOH and, after standing for 30min. in the cold, the precipitate of KC104 was centrifuged off. The yellow supernatant fluid was then shaken for 30sec. with Florisil (0.1g./ml.). This treatment removed flavines from the solution and decreased the slow non-enzymic oxidation of NADH observed with untreated samples, while the recovery of the metabolites determined was not affected. The Florisil was removed by centrifugation and the supernatant fluid was used for the analyses.
Determination of metabolite8. Lactate and pyruvate were determined by the method of Hohorst et al. (1959) , ,Bhydroxybutyrate and acetoacetate were determined by the method of Williamson et al. (1962) and cz-oxoglutarate was determined by the method of . Pyruvate, a-oxoglutarate and acetoacetate were determined in the same cuvette by successive addition of lactate dehydrogenase, glutamate dehydrogenase and ,B-hydroxybutyrate dehydrogenase. After preliminary separation of the amino acid fraction on Amberlite IR-120 (H+ form), glutamate was determined by the method of .
Ammonia was determined with glutamate dehydrogenase (Kirsten, Gerez & Kirsten, 1963) after preliminary separation on an ion-exchange resin. The liver extract (2-3 ml.) was placed on a column (1 cm. Bficher, Czok, Lamprecht & Latzko (1963) . The amounts of lactate and NAD+ in the equilibrium mixture were obtained by difference. L-Lactic acid (crystalline) was neutralized with KOH and its concentration was determined by the method ofHohorst (1963) . Fresh solutions were prepared every few days. The concentration of the NAD+ stock solution, freshly prepared, was determined by the method of Klingenberg (1963) . The ionic strength was varied by changing the final concentration of the potassium phosphate buffer, pH7-12-7-22, between 12-5 and 100mM. [H+] was measured at the end of the reaction electrimetrically at 200 or 250 as it was impracticable to measure it at 380. The value for 380 was obtained by using the correction factors -0-04 (200) and -0-02 (25°) (see Clark, 1960) .
The stock solutions from which the reaction mixture was prepared were 0-25M-potassium phosphate buffer, 0-01 M-NAD+, 0-1 M-L-lactate and C02-free water. The final concentration of NAD+ was about 0-3mM. The final concentration of L-lactate was varied between 1-96 and 9-8mM.
The spectrophotometric measurements were made at 340mz in a Unicam SP.500 spectrophotometer at 380. Cuvettes of either 1 cm. or 4cm. light-path were used. An initial reading was taken against a water blank after allowing the cuvette contents to reach 380. The reaction was started by the addition of 5,tl. (25,ug.) of lactate dehydrogenase (Boehringer muscle type)/3 ml. of reaction mixture. Decreasing the amount of enzyme ten-or 100-fold had no effect on the values obtained. When a constant reading was reached, usually after about 10min., the extinction was recorded and corrected for the initial reading and a reagent blank, i.e. the increase in extinction due to the addition of the enzyme to the reaction mixture with lactate omitted. The molar extinction coefficient of NADH was taken to be 6-22 x 103.
The ionic strength of each reaction mixture [including that of the (NH4)2S04 in the enzyme preparation] was calculated from the formula 1=0-5.Ecizi , where ci is the molarity of the ion and z1 its valency.
The equilibrium constant of the ,B-hydroxybutyratedehydrogenase system was measured by the same principle. Crystalline or highly purified D-/3-hydroxybutyrate dehydrogenase was added to known amounts of DL-/-hydroxybutyrate and of NAD+ and the concentration of NADH2 at equilibrium was measured spectrophotometrically either at 366mp in an Eppendorf photometer, or at 340m, in a Unicam SP. 500 spectrophotometer, in 1 cm. cuvettes. The formation of acetoacetate was equivalent to that of NADH, as confirmed by direct determination of acetoacetate by the method of Mellanby & Williamson (1963 (Hohorst, 1956) , was taken to be 3*14 x 103 at 380. RESULTS
Effect of 8tarvation and of alloxan-diabete8 on the componert8 of redox 8y8tem8. Table 1 shows the concentrations of the substrates of the three chosen dehydrogenase systems in the livers of well-fed, starved (48hr.) and alloxan-diabetic rats. Some of the differences between these three conditions were as expected. Thus the concentrations of total ketone bodies rose tenfold in starvation and over 50-fold in diabetes above the concentration in the liver of well-fed rats. The concentrations of lactate and pyruvate both fell in starvation, the latter more than the former. Another striking change in the liver of diabetic rats was a major fall in the concentrations of glutamate and a-oxoglutarate, and a rise in the concentration of ammonia.
There were distinct differences between the three metabolic states with respect to the [ . Unexpectedly, the changes in the mitochondrial dehydrogenase systems did not always parallel those of the cytoplasmic system. In diabetes there was a decrease in the ratios of the two mitochondrial systems, in contrast with the increase in the ratio of the cytoplasmic system. In starvation, on the other hand, all three systems moved in the same direction to approximately the same extent.
Equilibrium con8tant8 of the lactate-, fi-hydroxybutyrate-and glutamate-dehydrogena8e 8y8temn. The values reported in the literature for the equilibrium constants ofthe ,-hydroxybutyrate-and glutamatedehydrogenase systems Shuster & Doudoroff, 1963; Olson & Anfinsen, 1953) were measured at temperatures and ionic strengths different from those of (Hohorst, 1960; Hakala, Glaid & Schwert, 1956) . The values for the lactate-and ,-hydroxybutyrate-dehydrogenase systems were therefore redetermined for 380 and I0'25. The corresponding value for glutamate dehydrogenase was measured by P. C. Engel & K. Dalziel (personal communication). A difficulty is the uncertainty of the ionic strength of animal tissues and their compartments. For the purpose of the present work it is assumed that the ionic strength of the liver is 0-25, as suggested by Hohorst (1960) . To evaluate the importance of errors arising from this assumption, the constants were measured over a wide range of ionic strengths. The equilibrium constants for the lactate-and ,B-hydroxybutyrate-dehydrogenase systems at 380 and different ionic strengths are given in Tables 2  and 3 . The K values for the lactate dehydrogenase are twice those given by Hohorst (1960) (M) 1 I110 (±+ 0-017) x 10-11 (I12) 1-023 (± 0.017) x 10-11 (5) 0*967 (± 0.013) x 10-11 (3) 0-936 (± 0-013) x 10-11 (3) Range of pH 6-84-7-16 6-89-7-19 6*94-7-24 6-95-7*24 518 1967 REDOX STATES OF LIVER CELL COMPARTMENTS reaction. This means that the ratio [ox-oxoglutarate] [NH4+]/[glutamate] is not dimensionless, in contrast with the corresponding terms for the lactate dehydrogenase and ,B-hydroxybutyrate dehydrogenase. Experimentally the ratio is derived from measurements of umoles/g. wet wt. of tissue and these are therefore the units of the ratio. The assumption is made that this is equal to ,umoles/ml., or mm. Neither of these assumptions is required in the calculations for lactate dehydrogenase and ,Bhydroxybutyrate dehydrogenase, since water is not a reactant in these systems and the concentration ratio derived from tissue analysis is dimensionless. However, the error introduced by these assumptions is not likely to be large.
The results of the calculations are shown in Table 5 . The values obtained for the lactatedehydrogenase system, indicating the [NAD+]/ [NADH] ratios in the cytoplasm in livers ofwell-fed, starved and alloxan-diabetic rats, essentially confirm those of previous investigators (Hohorst et al. 1961; Thielmann, Frunder, Richter & Bornig, 1960; , except that the higher value for the equilibrium constant decreases the ratios to about half the value arrived at previously. They confirm that the cytoplasm of livers of the starved and especially of the alloxandiabetic rats is in a more reduced state than that of the liver of well-fed normal rats. The most remarkable result, surprising at first sight, is the The test using the values given in Table 1 shows that this is the case: the values of expression (1) for tho livers of well-fed, starved and alloxan-diabetic rats were 7-3 x 10-2mM, 6-6 x 10-2mM and 8-4 x 10-2 mm respectively. This test involves no assumptions on the ionic strength ofthe tissue, on the value ofthe equilibrium constants or on the pH ofthe tissue; the constancy of expression (1) may therefore be taken as conclusive proof of a joint NAD+-NADH pool for the two dehydrogenase systems. The constant value obtained for expression (1) is an experimental observation. The value can also Although ,-hydroxybutyrate dehydrogenase is insoluble and located in the cristae, in contrast with glutamate dehydrogenase, which is soluble and located in the matrix, a common NAD+-NADH pool would be expected if the dinucleotides behaved (as is usually the case) as coenzymes rather than as prosthetic groups (see Dixon & Zerfas, 1940; Dixon & Webb, 1964) . A coenzyme, unlike a prosthetic group, is necessarily dissociated from the enzyme after each cycle of reaction, and would thus not be fixed to the site of the enzyme but would be free to mix with the coenzyme molecules reacting with other dehydrogenases. The cristae have been regarded as a space where reactions can take place (Klingenberg & Pfaff, 1966) Table 9 . Glutamate-dehydrogena8e (NAD) activity of rat ti88ue8 at 25°T he data refer to well-fed male rats weighing about 300g. The tissue was homogenized with 9 parts of ice-cold water in a MSE overhead-drive homogenizer. The homogenate was treated with ultrasound for 1 min. and centrifuged at 38000g for 30min. The enzyme assay was carried out by a modification ofthe method ofSchmidt (1963) in the presence of NADH and 1.6mM-ADP, which activates the enzyme (Tomkins, Yielding, Talal & Curran, 1963 (Table 10 ). The direct determination gives much lower ratios for both cytoplasm and mitochondria. These differences are due to the fact that the reduced forms of the dinucleotides are more firmly bound than the oxidized forms (Frieden, 1961; Winer, Schwert & Millar, 1959; Raval & Wolfe, 1962) . Indeed, most of the cytoplasmic NADH must be protein-bound. However, as the free and bound dinucleotides readily exchange, the bound forms could hardly be regarded as a separate pool.
Tran8hydrogenase activity of glutamate dehydrogena8e. The experiments recorded in Tables 1 and 6 indicate that glutamate dehydrogenase rapidly reacts with NAD in the liver of the living rat. This has been questioned by Klingenberg & Slenczka (1959) , Klingenberg & Pette (1962) and Tager & Papa (1965) , who came to the conclusion that gluta- If the two systems are in equilibrium, they constitute an effective transhydrogenase. The physiological significance of this non-energy-requiring transhydrogenation may lie in the storage of a readily available electron donor, in the form of NADPH. The high activity of liver glutamate dehydrogenase and the great binding power of this enzyme for NADH and NADPH is compatible with this concept. When a rapid need for energy arises NADPH could react as a generator of NADH to serve as a substrate for the electron-transport chain. The roles of NADPH and the enzymes generating and removing it could thus be conceived as being analogous to those of creatine phosphate and creatine kinase.
Phy8iological significance of the difference8 of the redox 8tate of mitochondria and cytoplanm. The differences between the redox states of the two cell compartments are presumably essential and connected with the function of the two compartments. The cytoplasm of the liver cell is the main site of glycolysis and of gluconeogenesis, which includes the transfer of hydrogen from glyceraldehyde phosphate to NAD+ in glycolysis and of the reverse process in gluconeogenesis. The direction of these reactions depends on the redox state of the hydrogen-carrier systems.
In the mitochondria the main function of the NAD system is to channel hydrogen atoms to the electron-transport chain from the substrates of respiration. To be effective as an energy source the [NAD+]/[NADH] ratio must be below a critical value, if the free-energy change of the transfer of electrons from NADH to flavoprotein is to be large enough for coupling with the synthesis of ATP.
Role of P, and NH4+ in the regulation of the redox 8tate of cell compartment&. It is a remarkable fact 522 1967 REDOX STATES OF LIVER CELL COMPARTMENTS that each of the two cell compartments in which the NAD couple is a major metabolic agent contains one powerful dehydrogenase system, the oxidizing and reducing capacity of which is dependent not only on the concentrations of the oxidized and reduced carbon metabolites but also on a third component, the concentration of which is variable. These are the glyceraldehyde phosphate dehydrogenase in which Pi is the third component, and glutamate dehydrogenase in which NH4+ is the third component. The concentrations of Pi and NH4+ can thus play a major role in the control of the redox state of the two compartments. The concentration of Pi varies mainly as the result of oxidative phosphorylation, the concentration of NH4+ mainly as the result of the synthesis and degradation of glutamate and glutamine and, in the liver, the synthesis ofurea. The concentrations of both Pi and NH4+ are very much higher in the tissues than in the blood plasma (Table 11) , which implies that the tissues have mechanisms for accumulating or retaining these ions.
The importance of the concentrations of Pi and NH4+ for the redox state is illustrated by the following example. If the equilibrium constant of the glyceraldehyde phosphate dehydrogenase is taken to be 1-5 x 10-8 [this value is based on those of Meyerhof & Oesper (1947) and Burton & Wilson (1953) Amoore, 1958; Chappell & Crofts, 1965; Gamble, 1965) .
Steady-state concentration of mitochondrial oxaloacetate. Information on the concentrations of oxaloacetate in cell compartments is of importance because of the key role of oxaloacetate as a metabolite and as an inhibitor. Direct determinations show that overall concentration in the liver is very low (0.006mr in normal liver, 0-002mM in liver of the alloxandiabetic rat), but these analyses give no information on the distribution between cytoplasm and mitochondria. As the distribution is liable to changes during fractionation it has so far not been possible to obtain reliable analytical values for the concentration in the mitochondria.
The concentration of oxaloacetate within a cell compartment can be calculated if the concentration of malate and the [NAD+]/[NADH] ratio is known and if the malate-dehydrogenase system is in equilibrium. The assumption that this is the case seems permissible on account of the high activity of the enzyme in both cytoplasm and mitochondria. The overall concentration of malate in rat liver is about 0-5mM (Bucher & Klingenberg, 1958) . There is no information on a concentration gradient of malate in vivo between mitochondria and cytoplasm but it is unlikely that it is greater than, say, 5 in favour of the mitochondria. It is probably smaller. In view of the various uncertainties the calculations Vol. 103 523 1O-5 (22) . This value is based on measurements in this Laboratory by R. L. Veech. Hohorst (1960) reported a value of 0-98 x 10-5 for 370 and 10-25. This is very close to values obtained at 25°by Burton & Wilson (1953) and Raval & Wolfe (1962) . As it is improbable that there is no effect ofthe temperature K was redetermined at 380 in phosphate buffer, pH 7.15 and I0-25. Crystalline pig heart malate dehydrogenase (Boehringer) was used and the method was essentially as described in this paper for the measurement of the equilibrium constant of lactate dehydrogenase. The reasons for the discrepancy between the present value and that of Hohorst (1960) are (Krebs, 1966a,b) causes an increased formation of acetoacetate in liver slices and in other liver preparations (Annau, 1934; Edson, 1935; Recknagel & Potter, 1951; Berry, 1964) . If the glutamate-and ,B-hydroxybutyrate-dehydrogenase systems are in equilibrium so that the components of expression (1) Table  6 there was no significant increase in the concentration of total ketone bodies although NH4+ increased threefold. Experiments by Berry (1964) on liver homogenates with pyruvate as substrate show that in this system both factors contribute to higher rates of acetoacetate formation.
Effect of alloxan-diabete8 on the redox 8tate of the mitochondria. The value of the [NAD+]/ [NADH] ratio in the mitochondria of alloxan-diabetic rats was about twice that found in the liver of starved rats. In both conditions fatty acids are the main fuel of respiration, but there is a major difference in respect of the rate of ketone-body production. The steady-state concentration of the ketone bodies was fivefold higher in alloxan-diabetes (Table 1 (Krebs, Gascoyne & Notton, 1967 (0.5 mM). The values of the mid-potentials are based on the data of Burton (1961) , Krebs et al. (1962) If, then, the redox potential of the dehydrogenases present limits the possible degree of reduction of NAD+, other factors determine the actual redox state within the permissible range. Among these other factors are: (a) concentrations of reduced and oxidized substrates of dehydrogenases; (b) rate of removal of NADH by the respiratory chain; this in turn is controlled by the concentrations of ADP and Pi and by substrates that join the chain at the flavoprotein level (succinate, fatty acyl-CoA esters); (c) rate of transfer of reducing equivalents between cytoplasm and mitochondria by the malate and oc-glycerophosphate shuttles (see Krebs et al. 1967) . A detailed attempt to analyse their scope and interplay appears premature.
